The electronic ground state in high-T c cuprates where the superconducting state is suppressed by Ni substitution has been investigated in La 2−x Sr x Cu 1−y Ni y O 4 from the specific heat and muon spin relaxation measurements. It has been found that the ground state changes from a magnetically ordered state with the strong hole-trapping by Ni to a metallic state with the Kondo effect of Ni with increasing hole-concentration. Moreover, the analysis of the results has revealed that a phase separation into the magnetically ordered phase and the metallic phase occurs around the boundary of two phases.
Cu-spin fluctuations weakens gradually with increasing p in the overdoped regime, suggesting that a phase separation into short-range magnetically ordered and metallic regions occurs. 15) In the case when the SC state is suppressed by the application of high magnetic field, it has been found that the electrical resistivity is expressed as the sum of T -linear and T 2 terms at low temperatures in the overdoped regime of LSCO, 16) suggesting that the quantum-critical non-Fermi-liquid state is extended over a wide range of p values or that a phase separation into non-Fermi-liquid and metallic regions occurs in the overdoped regime.
As for Ni-impurity effects, it has been pointed out from neutron scattering, 17, 18) magnetic susceptibility, 19) X-ray absorption fine structure (XAFS), 20) and µSR measurements 21) in La 2−x Sr x Cu 1−y Ni y O 4 (LSCNO) that Ni 2+ with the spin quantum number S = 1 tends to trap a hole. In this case, the effective S value of Ni 2+ accompanied by a hole changes from 1 to 1/2, such that Ni substituted for Cu is expected not to disturb the S = 1/2 network of Cu 2+ spins markedly. Moreover, the Ni substitution can easily suppress the superconductivity.
Therefore, the Ni substitution is a good candidate for studying the ground state inside the SC phase on the phase diagram in high-T c cuprates.
In this study, we have carried out systematic measurements of the specific heat and µSR on partially Ni-substituted LSCNO to elucidate the ground state inside the SC phase on the phase diagram. The electronic specific heat is a good probe for studying the electronic density of states at the Fermi level in the ground state. The µSR is a very sensitive probe for detecting the emergence of a static or quasi-static internal magnetic field due to the development of a magnetically ordered state. We have observed a gradual crossover of the ground state between a magnetically ordered state in the underdoped regime and a metallic Kondo state in the overdoped regime. The analysis of the results has revealed that the gradual crossover of the ground state is due to a phase separation into short-range magnetically ordered and metallic regions in the overdoped regime.
Polycrystalline samples of LSCNO with x = 0.08 -0.30 and y = 0 -0.10 were prepared by an ordinary solid-state reaction method. 22) All the samples were determined to be of the single phase by powder X-ray diffraction measurements. Electrical-resistivity measurements were also carried out using the four-probe method to determine the quality of the samples and to study the electronic state. Specific heat measurements were carried out using the thermalrelaxation method at low temperatures down to 0.4 K. Zero-field (ZF) µSR measurements were performed at temperatures down to 0.3 K at the Paul Scherrer Institute (PSI) in Switzerland and at the RIKEN-RAL Muon Facility at the Rutherford-Appleton Laboratory in the UK.
Typical results of the specific heat C in LSCNO are shown in Fig. 1 . The specific heat of non-superconducting LSCNO at low temperatures is given by
The first term represents the electronic specific heat C el . γ is the Sommerfeld constant, which It is found that γ HT is almost identical to γ at each x. According to XAFS measurements in the underdoped regime of LSCNO by Hiraka et al., 20) a hole is bound to the substituted Ni 2+ even at 290 K, but it does not appear that this affects the value of γ HT . Probably, the hole will be weakly bound to Ni 2+ at temperatures above 5 K, leading to a constant γ HT .
Supposed that a Ni 2+ ion traps a hole strongly, the effective hole-concentration p eff is defined as p eff = x -y. Here, we define values of (C -C ph )/T for x = 0.13 -0.30 and y = 0.05, and x = 0.18 -0.30 and y = 0.10 at 0.4 K as γ LT . For x = 0.08 and y = 0.05, and x = 0.13, 0.15 and y = 0.10, (C -C ph )/T shows an upturn, which may be due to the Schottky anomaly below 0.8 K. Thus, we define minimum values of (C -C ph )/T for these samples at low temperatures below 5 K as γ LT . Figure 3(b) shows the dependence of γ LT on p eff for LSCNO with y = 0.05 and 0.10 together with γ in Ni-free LSCO. 24) In fact, for p eff ≤ 0.10, γ LT is almost identical to γ at each p eff except for x = 0.20 and y = 0.10, indicating the occurrence of the strong The temperature dependence of (C -C ph )/T for x = 0.30 and y = 0.10 at a magnetic field of 9 T is shown in Fig. 2(b) . At 9 T, the increase in (C -C ph )/T is suppressed and a broad peak is observed at approximately 4 K. In a dilute
Kondo system, the increase in C/T is typically suppressed by the application of magnetic field so that the temperature dependence of C/T shows a peak due to the Zeeman splitting of the magnetic impurity level. Therefore, the observed field dependence of (C -C ph )/T is explained as being due to the Kondo effect. Moreover, it has been observed that the electrical resistivity for x = 0.23 -0.30 and y = 0.10 shows a minimum at a low temperature and then logarithmically increases with decreasing temperature, as typically observed in a dilute Kondo system. Accordingly, in a metallic state with a large value of p eff , it is inferred that S = 1 spins of Ni 2+ in the S = 1/2 network of Cu 2+ spins tend to be screened by holes, leading to a Kondo state, namely, a weakly localized state of holes around Ni 2+ in the ground state. and then tends to be saturated at low temperatures. These behaviors indicate that the state of holes around Ni 2+ changes from the Kondo state, namely, the weakly localized state, to the strongly bound state with decreasing temperature in these samples.
In the underdoped regime of high-T c cuprates, the development of a magnetically ordered state at low temperatures may be correlated with the localization of holes. 26) Therefore, we have performed µSR measurements to investigate the magnetic transition temperature T N in LSCNO. The p eff dependence of T N is shown in Fig. 4 . T N is described in our previous Supposed that a phase separation into short-range magnetically ordered and metallic regions occurs at around the boundary of the two phases, the temperature dependence of (C-C ph )/T is represented as the sum of the decrease in (C-C ph )/T due to the strong hole trapping by Ni 2+ and the increase in (C-C ph )/T due to the Kondo effect. In this case, γ LT is expected to 
